T he layered transition metal oxides (LiMO 2 ) are well established cathode materials for lithium ion batteries, 1−3 achieving high reversible capacities through extraction of lithium from the lithium layer. 4 Historically, the chemical design space of these cathodes has been limited to transition metal cations resistant to migration into the lithium layer. Antisite disorder between transition metal and lithium cations, the result of transition metal migration, degrades lithium mobility due to reduced oxygen spacing around the lithium layer. 5 This layer spacing, also known as the lithium slab spacing, has been shown to be the most controlling factor on lithium diffusivity and hence on practical lithium extraction capacity. 4−7 Antisite disorder can be present in the synthesized material or created upon severe delithiation. 8−11 Thus, significant efforts have been made to design well-layered materials resistant to structural instability. 12−17 Several recent observations have cast doubt upon this ordering paradigm by displaying very high lithium cycling capacity, notwithstanding being almost fully cation disordered. 18−21 Insight into the remarkable performance of materials with high disorder was given by Lee et al. 18 and Urban et al., 22 who demonstrated that high capacity can be achieved even in disordered rocksalt materials if they have high enough lithium content to form percolating 0-transition metal (0-TM) diffusion channels. The diffusion channel in closepacked oxides connects one octahedral site to another octahedral site through a tetrahedral activated state. 4 The 0-TM channels have no transition metals around the activated state, making them considerably less sensitive to the lithium slab spacing distance, and as a result, largely insensitive to cation disorder. This finding enlarges the chemical design space for cathodes by including transition metal ions which, due to their size or electronic structure, 23 are prone to migration upon lithium cycling. Consequently, new opportunities emerge to discover lithium ion battery materials with very high capacity.
To validate our understanding of compounds with 0-TM diffusion channels, we revisit a material prone to cation mixing to see if increasing lithium content improves electrochemical performance. Layered LiNi 0.67 Sb 0.33 O 2 has a high discharge voltage of 3.9 V and a theoretical capacity of 226 mAh/g but reaches only 90 mAh/g on its first discharge and shows rapid capacity fade on subsequent cycles. 24 Ex situ X-ray diffraction suggests 10% Li/Ni mixing to occur over 10 cycles, which reduces the lithium slab spacing and explains the poor performance of the material. Both the high theoretical energy density of LiNi 0.67 Sb 0.33 O 2 and its cation mixing tendencies make LiNi 0.67 Sb 0.33 O 2 an ideal candidate material to explore the effect of lithium excess and the formation of 0-TM diffusion channels.
To assess the impact of increasing lithium excess on observed capacity, we synthesized four layered Li x Ni 2−4x/3 Sb x/3 O 2 (LNSO) compounds containing 0−15% lithium excess (x = 1.00, 1.05, 1.10, and 1.15). In each compound, lithium excess is accommodated by adjusting the Sb/Ni ratio to keep the ions as 5 + and 2 + , respectively. Hereafter, we abbreviate each compound by the amount of excess lithium, for example, LNSO-0 is LiNi 0.67 Sb 0.33 O 2 and LNSO-15 is Li 1.15 Ni 0.47 Sb 0.38 O 2 . We find that all lithium-excess LNSO compounds access a higher fraction of theoretical capacity on discharge than their stoichiometric counterpart, consistent with our prediction from theory. We also find that increasing lithium content reduces capacity fade. Detailed structure characterization on the lithium-excess LNSO compounds reveals the existence of nanoscale 0-TM diffusion channels in the transition metal layer. We discuss how this uniquely patterned microstructure, the nanohighway, improves the electrochemical performance of the LNSO compounds and is in agreement with our understanding of 0-TM diffusion channels and percolation theory.
The theoretical capacity of the LNSO compounds is calculated based on the Ni 2+/4+ redox couple and varies as a function of lithium excess. The solid black line in Figure 1a represents the theoretical electron-limited specific capacity of LNSO compounds, and the black squares denote the LNSO compounds studied in this work. With increasing lithium content, the fraction of high valence Sb 5+ increases, and the amount of Ni 2+ decreases. Although nickel is the only redoxactive transition metal, its two redox couples, Ni 2+/3+ and Ni 3+/4+ , allow for two Li + to be extracted per nickel ion. Therefore, despite decreasing nickel content, the LNSO chemistries can incorporate excess lithium at a smaller expense to theoretical capacity. The theoretical capacity of the LNSO compounds initially increases between 0 and 9% lithium excess as a larger amount of lithium becomes available to extract and oxidize all Ni 2+ to Ni 4+ . Above 9% lithium excess, where the Li/ Ni ratio equals 2, the theoretical capacity decreases as there is insufficient Ni redox to extract all lithium by transition metal oxidation.
The dashed lines in Figure 1a denote the calculated 0-TM theoretical capacities in an ideal disordered rocksalt structure (red line) and in an ideal layered rocksalt structure (blue line). We define 0-TM capacity as the lithium that are part of a percolating network of 0-TM diffusion channels, which should be easy to extract. 0-TM capacity increases as a function of lithium excess as an increasing number of 0-TM diffusion channels are formed. The slope of the 0-TM capacity is determined by the topology of the reference crystal structure (disordered or layered). 22 The 0-TM percolation thresholds of the disordered rocksalt structure and the layered rocksalt structure are at 9 and 14% lithium excess, respectively, assuming excess lithium is distributed randomly throughout the transition metal layer. For lithium contents below these values, the corresponding 0- TM capacity is exactly zero in a macroscopic structure. Because of finite-size effects in the numerical percolation simulations, the onset of the 0-TM curves is slightly smoothed out and begins before the percolation threshold. 25 Rietveld refinement shows that all LNSO compounds are synthesized in the layered rocksalt structure with slight cation mixing (Table 1) . Accordingly, we expect the 0-TM percolation threshold for the LNSO compounds to be close to 14%, the threshold for a perfectly layered rocksalt, and only the LNSO-15 sample to contain percolating 0-TM channels.
To compare intrinsic electrochemical performance of all compounds as much as possible, all LNSO samples were synthesized by solid state reaction and ball milled to achieve similar final particle sizes of 50−100 nm, as confirmed by SEM (Supporting Information Figure S1 ). Full details on the synthesis and processing methods are provided in the Supporting Information. All cells were galvanostatically cycled at the 1C currents corresponding to their respective Ni-based theoretical capacities. The charge−discharge curves for LNSO-15 are shown in Figure 1b ; all other samples show similar charge plateaus at 4 V and discharge plateaus at 3.9 V. The slight change in voltage profile between the first charge and all subsequent charges may be caused by some minor structural rearrangements. Of the four LNSO compounds, LNSO-15 exhibits the best performance, achieving 131 mAh/g on first discharge and retaining 78% of its capacity over 50 cycles with negligible voltage fade.
To quantitatively compare the cyclability between the four LNSO compounds, we plot discharge capacity versus cycle number in two ways. The discharge capacities are shown as specific capacities in Figure 1c , and as fractions of theoretical capacity in Figure 1d , which is the discharge capacity 
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Letter DOI: 10.1021/nl5040754 Nano Lett. 2015, 15, 596−602 normalized by each LNSO compound's theoretical capacity. Figure 1c and Figure 1d clearly show that with increasing lithium content, we achieve both higher specific capacities and higher fractions of theoretical capacity on discharge. The greatly improved performance of LNSO-15 is expected, as 15% lithium excess exceeds the calculated 0-TM percolation threshold of 14%. Surprisingly, however, LNSO-10 also shows significant improvement over LNSO-0 although its lithium excess level is below the calculated 0-TM percolation threshold. These unexpected results suggest that further understanding of 0-TM percolation is necessary. To elucidate the origins of the enhanced electrochemical performance of the lithium-excess LNSO compounds, detailed structure characterization was completed using transmission electron microscopy (TEM), Xray diffraction (XRD), density functional theory (DFT), and extended X-ray absorption fine structure (EXAFS). We focus the structural discussion in this work on LNSO-15, as it shows the best electrochemical performance among the LNSO compounds. Figure 2a shows the high-resolution transmission electron microscopy (HRTEM) image of pristine LNSO-15 along the [1−10] zone axis. Within a single particle, two domains with different superstructures are present. To distinguish the two domains, we look at the Fourier transform (FT) of two different regions marked by the dashed square and solid square in Figure 2a . The FT of regions inside the dashed square is shown in Figure 2b . The black crosshatch arrows identify the 1/3d 110 streaks corresponding to a single domain of √3 × √3 ordering. The streaks are due to different types of stacking between transition metal layers within the domain, as shown in Figure 2e , an enlargement of the HRTEM image. The √3 × √3 ordering, also known as honeycomb ordering, occurs in LNSO-0 as well as other mixed-transition metal compounds. 24,26−29 The local charge is naturally balanced in LNSO-0 by filling two of the sublattices in the √3 × √3 superstructure with Ni 2+ and one with Sb 5+ .
Having identified LNSO-0 to be one domain within a LNSO-15 particle, we consider the ordering and composition of the second domain. The simplest way for the remaining Li + and Sb 5+ cations to balance the local charge is to order in a √3 × 1 Li−Sb stripe. Schematics of the two types of ordering are shown in Figure 3a and b. The superposition of the √3 × √3 and √3 × 1 orderings is present only in some regions of the LNSO-15 particle, such as inside the solid square in Figure 2a . The FT of regions inside the solid square is shown in Figure 2c . Again, black crosshatch arrows point to 1/3d 110 streaks corresponding to √3 × √3 Ni−Sb ordering. Additionally, red striped arrows mark 1/2d 110 spots, spaced ∼3 Å apart, corresponding to √3 × 1 Li−Sb ordering. The electron diffraction pattern of the whole particle (Figure 2d ) also shows the coexistance of the two domains.
The √3 × 1 Li−Sb stripe ordering previously has not been observed as a bulk phase, though it is equivalent to the Livacancy pattern in Li 0.5 CoO 2 . 29, 30 In LNSO-15, the √3 × 1 Li−Sb stripe is observed to be mostly one or two periods wide, corresponding to widths of approximately 3 and 6 Å, respectively. The widest observed stripe is three periods wide, forming a < 1 nm interface. The insert in Figure 2a contains the intensity line scan taken along the white arrow in Figure 2a and shows the √3 × 1 ordering (marked as 2d) embedded in a region with √3 × √3 ordering (marked as 3d). Note that close to the boundary between the two types of orderings, some lattice spacings are neither 3d nor 2d (unlabeled spacing in the inset), which may be a buffer zone needed to connect the two ordered domains.
Superstructure peaks in synchrotron XRD further confirms the presence of both domains in the high lithium-excess LNSO compounds. The strong XRD peaks in all four pristine LNSO compounds can be indexed to the layered structure with R3̅ m symmetry (Supporting Information Figure S2 ). The weak superstructure peaks between 19 and 34°2θ (Supporting Information Figure S2 inserts) derive from ordering in the transition metal layer. In LNSO-0, the five strong superstructure peaks between 19 and 34°2θ all arise from √3 × √3 ordering, which is the only ordering present in LNSO-0. 31 In LNSO-5, these five peaks are also all present but are much weaker in intensity. For LNSO-10 and LNSO-15, in addition to the five weak √3 × √3 peaks, there are two additional peaks at 21.3 and 30.4°2θ that are marked by black arrows in the insets of Supporting Information Figure S2c The observed structure with √3 × √3 domains separated by √3 × 1 stripes is further supported by DFT calculations. Without input from XRD and TEM, we computed the energies of 108 different orderings for four lithium-excess LNSO compositions. The lithium excess levels of 9, 12.5, 20, and 28.6% were selected to minimize the size of the unit cell used in 
Letter DOI: 10.1021/nl5040754 Nano Lett. 2015, 15, 596−602 the calculations. All symmetrically distinct orderings with up to 11 formula units (44 atoms) were considered. Figure 4a shows the convex hull of formation energies on the composition line between LiNi 2/3 Sb 1/3 O 2 (LNSO-0) and Li(Li 1/2 Sb 1/2 )O 2 (LNSO-50). Each computed ordering is represented by a red cross. Although the 0-K formation energy of all intermediate compositions is positive, the lowest energy orderings are just 3−10 meV per formula unit above the convex hull. Hence, the driving force for phase separation is small, and several factors that favor intermediate ordering, such as entropy and lattice parameter constraints from a common matrix, are likely to stabilize the intermediate orderings. Figure 4b shows the cation ordering within the transition metal layer for each of the lowest energy computed structures with the unit cell for each composition outlined in black. Cations are denoted by blue (Li + ), white (Ni 2+ ), and orange (Sb 5+ ) circles. LNSO-9, LNSO-12.5, and LNSO-20 contain domains of √3 × √3 Ni−Sb honeycomb ordering separated by a single period of √3 × 1 Li−Sb stripe ordering. With increasing lithium content, the Li−Sb stripe occurs more frequently. At the highest computed lithium-excess composition of LNSO-28.6, the ordering becomes inverted, for example, Li−Sb orders in the √3 × √3 honeycomb pattern and Ni−Sb orders in the √3 × 1 stripe pattern.
Of the computed structures, LNSO-12.5 is closest in composition to LNSO-15. The computed structure confirms the structure model observed by TEM: regions of √3 × √3 ordering of Ni−Sb are separated by stripes of Li−Sb. Furthermore, DFT supports the TEM observations of narrow <1 nm Li−Sb stripes. For the LNSO-20 composition, we calculated energies of three unit cells assuming different widths of the √3 × 1 Li−Sb stripe. As shown in Supporting Information Figure S3 , increasing the width of the Li−Sb stripe from one period to two or three periods was found to increase to the energy of the structure by 20 and 26 meV per formula unit, respectively. The increase in energy with increasing stripe width implies that narrower stripe domains of Li−Sb are preferred and may be stabilized by interfacial energy.
As discussed up to this point, TEM, XRD, and DFT results all support our proposed structure model for the lithium-excess LNSO compounds. For further validation, Sb and Ni K-edge EXAFS data were collected for LNSO-15, specifically to look for evidence of the Li−Sb √3 × 1 stripe domain. In contrast to the √3 × √3 domain, a key local feature of this stripe domain is the presence of a short-ranged Sb−Sb correlation. TEM and XRD studies suggest that such a correlation might be present around ∼3 Å. Initial fits of EXAFS data to identify a Sb−Sb correlation at ∼3 Å were unsuccessful. However, inspection of the structure of the √3 × 1 stripe generated from the DFT computation suggested a distribution of distances with a larger, averaged Sb−Sb distance closer to ∼3.1 Å (Supporting Information Figure S4 ). Using this DFT-computed structure as input and explicitly including a Sb−Sb correlation at the larger ∼3.1 Å provided much improved fits. In particular, there is a clear improvement in the visual quality of the fits, as well as improvements in the R-factor by a factor of ∼2 and in the reduced-chi-square (χ γ 2 ) by ∼30%. 32 Structural parameters are reported in Supporting Information Table S1 , raw EXAFS data showing excellent signal quality is shown in Supporting Information Figure S5 , and the fits are plotted in Supporting Information Figure S6 .
Allowing for the presence of local distortions, the EXAFS results are consistent with the coexistance of two ordered domains in the lithium-excess LNSO compounds. TEM, XRD, and DFT all show a ∼3 Å interplanar spacing for the √3 × 1 domain. The ∼3.1 Å interatomic distance between Sb ions, deduced from EXAFS data, can be accommodated well if the Sb ions are offset from the ideal site positions inside two neighboring Sb stripes with ∼3 Å interplanar spacing. The site offsets may be due to the nanointerface nature of the √3 × 1 domain.
Having built a structure model for the lithium-excess LNSO compounds, we now describe how 0-TM diffusion channels 
Letter DOI: 10.1021/nl5040754 Nano Lett. 2015, 15, 596−602 percolate in these materials. As mentioned above, two coexisting nanoscale domains were observed in the 10 and 15% lithium-excess LNSO compounds. The significance of this two-domain microstructure is many-fold. The 0-TM diffusion channels form at the interface of these two domains on the nanoscale and provide low diffusion barrier pathways for the lithium, effectively serving as nanohighways for lithium diffusion. Lithium now only needs to diffuse from inside the √3 × √3 domains to the interface with the √3 × 1 domain, where it can join the percolating 0-TM path.
The segregated microstructure also lowers the threshold for 0-TM percolation. The two-domain microstructure allows for percolation to be achieved through interconnected nanohighways rather than homogeneous percolation through the bulk. Figure 3c shows a schematic of the interface between the √3 × √3 domain and the √3 × 1 domain. Because TEM and DFT suggest that the Li−Sb stripe domain only forms as <1 nm stripes, increasing lithium is not incorporated as wider √3 × 1 Li−Sb domains, but as a larger number of <1 nm stripes. Beyond a certain lithium excess level, these stripes form a percolating network of 0-TM diffusion channels. In general, percolation is achieved at lower volume fractions when the aspect ratio of the percolating object becomes larger. 33, 34 Hence, such nanohighway microstructuring is an effective way to achieve percolation of 0-TM diffusion channels, even at low lithium excess concentrations.
In conclusion, a new family of cathode materials, the lithiumexcess Li x Ni 2−4x/3 Sb x/3 O 2 compounds, were designed from percolation theory, synthesized, and tested for electrochemical activity for the first time. We hypothesized that excess lithium would improve electrochemical performance through increased percolation of 0-TM diffusion channels. In agreement with theory, we found increasing lithium content to improve both capacity and cyclability with the best performing compound, LNSO-15, achieving 132 mAh/g at 1C at a discharge voltage of 3.9 V. While further work is needed to understand phenomena that limit capacity and further engineer these materials, the improvement of electrochemical performance with increasing lithium content validates our materials design strategy.
Through a combination of TEM, XRD, DFT, and EXAFS, we solved the structure of the new lithium excess LNSO compounds. Additional lithium is incorporated in lithium excess LNSO compounds as <1 nm √3 × 1 Li−Sb stripes subdividing √3 × √3 Ni−Sb domains. The 0-TM diffusion channels form at the interface of the two domains, acting as nanohighways for lithium diffusion. The lithium excess LNSO compounds show that 0-TM percolation is possible at lower lithium excess levels through patterned, low-dimensional, lithium-rich domains. Additionally, because 0-TM percolation is achieved without disordering materials, we maintain the advantage of high and fairly flat voltage in layered materials. This work extends upon our previous understanding of 0-TM diffusion channels in disordered materials, demonstrating that 0-TM percolation can be achieved in ordered materials, and laying the foundation for future cathode materials design.
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